Retroviruses are unusual in that expression of a single protein, Gag, leads to budding of virus-like particles into the extracellular space. We have developed conditions under which virus-like particles are formed spontaneously in vitro from fragments of Rous sarcoma virus (RSV) Gag protein purified after expression in Escherichia coli. The CA-NC fragment of Gag was shown previously to assemble into hollow cylinders (S. Campbell and V. M. Vogt, J. Virol. 69:6487-6497, 1995). We have now extended these studies to larger Gag proteins. In every case examined, assembly into regular structures required RNA. A nearly full-length Gag missing only the C-terminal PR domain, as well as similar proteins missing in addition the N-terminal half of MA, the C-terminal half of MA, the entire MA sequence, or the entire p2 sequence, all assembled into spherical particles resembling RSV in size. By contrast, proteins missing p10 assembled into cylindrical particles like those formed by CA-NC alone. Thin section electron microscopy showed that each of these Gag proteins formed in the expressing E. coli cells particles similar in shape to those seen in vitro. We conclude from these results that neither the sequences required for membrane binding in vivo, near the N terminus of Gag, nor the sequences required for a late step in budding, in the p2 portion of Gag, are essential for formation of virus-like particles in this system. Furthermore, we postulate the existence of a shape-determining sequence in p10, which provides or facilitates interactions required for the growing particle to be constrained to a spherical shape.
The assembly of infectious retrovirus particles occurs by one of two pathways. Type C retroviruses, such as the avian sarcoma and leukosis viruses (ASLVs) and the murine leukemia viruses (MLVs), first become visible by electron microscopy (EM) as patches of electron-dense material beneath the plasma membrane that acquire a uniform curvature and eventually form a closed sphere. The lipid envelope surrounding the virion pinches off from the plasma membrane to release the particle into the environment. Type B and type D retroviruses, like mouse mammary tumor virus and Mason-Pfizer monkey virus (M-PMV), respectively, first form nonenveloped particles at a distinct perinuclear location within the cytoplasm. These so-called type A particles, which have the immature morphology characteristic of all retrovirus particles before proteolytic maturation, are then transported to the plasma membrane, where they become enveloped by budding (20, 41, 42) . In the case of intracisternal type A particles, encoded by endogenous retrovirus-like elements in rodent cells, budding occurs into the endoplasmic reticulum (6, 23) .
By EM, the budding or freshly budded virion has a distinct morphology, called immature. A region of darkly staining material located at the periphery of the spherical particle surrounds an electron-lucent center. The peripheral material appears as two (Rous sarcoma virus [RSV] [53] ) or three (MLV) [8, 31] ) dark, concentric rings separated by a lighter-staining ring(s). The outer ring may be either the lipid envelope or protein closely associated with the envelope. In lentiviruses, such as human immunodeficiency virus type 1 (HIV-1), the peripheral material appears to form only a single ring (12) . Soon after budding, a dramatic morphological change called maturation, in which the peripheral rings appear to collapse into the center of the virion to form an electron dense core, occurs. Maturation is a consequence of the proteolytic processing of the viral proteins, catalyzed by the viral protease (PR). PR is activated by an unknown mechanism as a late step in budding.
The viral Gag protein is a polyprotein from which the mature internal structural proteins are cleaved by PR. When expressed in cells by itself, Gag forms virus-like particles that bud into the medium. In RSV, which is the prototype of the ASLVs, the domains of Gag corresponding to the mature proteins are, from N terminus to C terminus: MA, p2, p10, CA, NC, and PR. Only two short segments of Gag have obvious sequence similarity among distantly related retroviruses, the major homology region in CA and the zinc finger motif in NC (60) . Genetic analyses of RSV Gag have led to the conclusion that only three small regions, called assembly domains, are essential for the release of virus-like particles from transfected cells (34) . The membrane binding domain at the amino terminus of MA interacts with the lipid bilayer and is essential for targeting of the protein to the plasma membrane. The late domain in p2b plays an unknown role in the final steps of budding. The two closely spaced interaction domains in NC are required for proper Gag interactions during assembly, possibly through binding of NC to RNA.
Despite the different assembly pathways and lack of substantial sequence similarity between retroviruses of different genera, it is likely that the processes of assembly are similar for all retroviruses. Mutations or deletions in a retrovirus that follows one assembly pathway can redirect it to follow another pathway. For example, a single point mutation in M-PMV MA redirected assembly of the particle from type D to a type C pathway (43) . Deletions in HIV-1 MA caused budding into the endoplasmic reticulum (11) or B/D-type assembly in a perinuclear location (51) . Chimeras in which domains of different retroviruses are exchanged still are capable of budding (3, 4, 9, 34, 57, 64) , suggesting functional equivalence of diverse Gag proteins.
The role of RNA in the assembly of retroviruses is poorly understood. Most studies have been done in vivo, where it is impossible to prevent Gag from coming into contact with viral or cellular RNA. The viral genomic RNA itself is not required for assembly since particles can form in the absence of RNAs that contain viral packaging sequences (24) (25) (26) 46) and when specific genomic RNA packaging is prevented by mutations in NC (14, 15, 17, 40) . Upon closer examination, these particles have been found to contain a significant amount of cellular RNA (1, 16, 24, 25) , consistent with the notion that binding of Gag to some RNA is a requirement for assembly. The amount of nonviral RNA that is packaged into particles in the absence of a packageable viral genome has not been quantitated precisely.
An in vitro assembly system for retroviruses should be useful in establishing the function of RNA in assembly and in dissecting the roles of Gag-Gag interactions and Gag interactions with cellular components. We reported previously on our early attempts to develop such a system (5), in which Escherichia coli-expressed CA-NC fragments of Gag from both RSV and HIV-1, as well as CA-NC-p6 from HIV-1, assembled into hollow cylinders in the presence of RNA. We have now extended these experiments by constructing and purifying from E. coli proteins that include sequences N terminal to the CA-NC segment. Under the same in vitro conditions, most of these longer Gag proteins assembled into regular spherical particles in presence of RNA. However, Gag proteins with deletions in p10 assembled into cylindrical particles. These two distinct morphologies also were observed by thin-section EM of E. coli expressing the proteins. We suggest that p10 has a shapedetermining function in RSV Gag in the absence of membrane association.
MATERIALS AND METHODS
DNA constructs. All plasmids were constructed by using common subcloning techniques and propagated in the E. coli DH5␣. After confirmation by restriction enzyme digestion, the plasmids were moved into the E. coli BL21 DE3 pLys S for protein expression. Nucleotides of the RSV genome are numbered as in the original sequence of the PrC strain of RSV (49) . Plasmids pSXK.PR-L1* and pSXK. D37N have been described previously (54) . pSXK.PR-L1* contains an ochre (UAA) stop codon in place of the first codon of PR and pSXK. D37N encodes an inactive PR by replacing aspartic acid 37 in the active site with an asparagine residue. Plasmid pET3a p19MA was a generous gift from Philippe Dupraz and Pierre-Françoise Spahr and was generated by placing the first 177 amino acids of RSV PrC between two flanking NdeI restriction sites and inserting this fragment into the NdeI site in the pET3a expression vector (Novagen). The NdeI fragment from pET3a p19MA was then inserted into the NdeI site (at nucleotide [nt] 1294) of the pET3xc expression vector (Novagen) in order to take advantage of the unique KpnI site (nt 520) in the vector.
pET3xc Gag D37N was created by replacing the XhoI (nt 630 in RSV)-KpnI (nt 520 in pET3xc) fragment from pET3xc p19MA with the XhoI-KpnI (nt 630 to 4995 in RSV) fragment from pSXK D37N. An identical strategy was used to create pET3xcGag ⌬Pr from pSXK.PR-L1*. Plasmids pSV.Myr1 DM-1, Xh-No, and dp10.52 were a generous gift from John Wills and Neel Krishna. pSV.Myr1 DM-1 and Xh-No have been described elsewhere (59) . Plasmids pET3xc DM1 and Xh-No ⌬PR were created by replacing the SacII fragment (nt 543 to 1806 in RSV) of pET3xc Gag ⌬PR with the same fragment from the respective pSV.Myr1 plasmids. pSV.Myr1 dp10.52 deletes 52 amino acids (nt 926 to 1081) of the p10 sequence. An identical strategy was used for constructing pET3xc dp10 from pET3xc Gag ⌬PR and pSV.Myr1 dp10.52. pET3xc ⌬MBD ⌬PR was created by replacing the XbaI (nt 1294 in pET3xc)-XhoI (nt 630 in RSV) fragment from pET3xc Gag ⌬PR with two self-annealing oligonucleotides (5Ј CTA GAATAATTTTG TTTAACTTTAAGAAGGAGATATACATATGGC 3Ј and 5ЈTCGAGCCATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTT 3Ј). These oligonucleotides were designed to replace the vector sequences between XbaI and NdeI, delete the first 83 amino acid residues of Gag, and allow translation in the proper reading frame of the remainder of Gag. Plasmid pS-V.Myr1 dMA7-8 was a generous gift from John Wills and Timothy Nelle and has been described previously (30) . Plasmid pET3xc ⌬MA7-8 was created by replacing the SacII fragment (nt 543 to 1806 in RSV) of pET3xc Gag ⌬PR with the same fragment from pSV.Myr1 dMA7-8. Plasmid pET3xc ⌬MA ⌬PR combines the deletions of both pET3xc dMA7-8 and pET3xc ⌬MBD ⌬PR by replacing the XhoI-SacII (nt 630 to 1806) fragment of pET3xc ⌬MBD ⌬PR with the same fragment from pET3xc ⌬MA ⌬PR.
Purification of protein and RNA. E. coli BL21 DE3 pLys S cells were grown and induced for protein expression as described previously (55, 56 ). An overnight culture was inoculated at 1:100 and grown for 2 h at 37°C with shaking. To induce protein expression, isopropylthiogalactopyranoside was added to 0.4 mM, in addition to an extra 20 g of ampicillin per ml. Four hours later, the cells were harvested by centrifugation and frozen at Ϫ20°C.
Purification of soluble proteins (DM1, ⌬MBD ⌬PR, and ⌬MA ⌬PR) was done by a modification of the method of Pognonec et al. (38) as described previously (5) . The frozen bacterial pellet was resuspended on ice in buffer A (20 mM Tris [pH 7.5], 10% glycerol, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 mM dithiothreitol) plus 0.5 M NaCl at 25 ml/liter of cell culture. The cells were broken by sonication. Insoluble debris was removed by centrifugation, and soluble protein was precipitated with 33% saturated ammonium sulfate. The precipitate was resuspended in buffer B (buffer A without glycerol and EDTA) plus 0.5 M NaCl at 2 ml/liter of cell culture and incubated on ice for 30 min. Buffer B was slowly added until the final NaCl concentration was 0.1 M. Insoluble protein was removed by centrifugation, and the supernatant was mixed with phosphocellulose (Whatman P11) at a volume ratio of 10:1. The resin with bound protein was washed with buffer B plus 0.1 M NaCl and then with buffer B plus 0.3 M NaCl. The volumes of the washes were approximately 3 ml per ml of packed resin. Protein was eluted with buffer B plus 0.5 M NaCl. The eluted protein was precipitated with 50% ammonium sulfate, resuspended in buffer B plus 0.5 M NaCl, and dialyzed at 4°C overnight against the same buffer.
A modification of the above-described purification scheme was used for proteins which were insoluble after lysing the cells (⌬PR, Xh-No, ⌬MA 7-8 ⌬PR, dp2 ⌬PR, dp10 ⌬PR, and Gag D37N). Nonidet P-40 (NP-40; 0.1%) was added in the initial lysis, and the insoluble pellet containing inclusion bodies was resuspended at room temperature in buffer B plus 0.5 M NaCl at 25 ml/liter of cell culture. The pH of the solution was then adjusted to pH 12 by the dropwise addition of 10 M NaOH with stirring. This treatment caused appreciable clearing of the solution. Concentrated HCl was then added dropwise until a slight precipitate reformed, usually at about pH 9, and the precipitate was removed by centrifugation. The soluble protein was precipitated with 25% ammonium sulfate, resuspended in buffer B plus 0.5 M NaCl, and then dialyzed overnight against the same buffer. At this point, most proteins remained soluble but Gag D37N remained precipitated. The soluble proteins were further purified over phosphocellulose as described above. All E. coli-expressed proteins were stored at 4°C in buffer B plus 0.5 M NaCl (storage buffer). Protein concentration was determined by spectrophotometry and Coomassie blue staining after sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Total E. coli RNA was purified from induced cells as described previously (2) , and RNA from washed inclusion bodies was obtained in the same manner. RNA associated with the ⌬MBD ⌬PR protein was purified by phenol-chloroform extraction and ethanol precipitation.
In vitro assembly and analysis by EM. Protein at 1 mg/ml in storage buffer was dialyzed overnight at 4°C against the indicated buffers. When RNA was used in assembly, it was added to the diluted protein prior to dialysis. Particles that formed under these conditions were negatively stained with 2% uranyl acetate (pH 5) on Formvar-carbon-coated grids. For thin sections, assembled particles first were collected by centrifugation at 14,000 rpm for 1 h in an Eppendorf microcentrifuge. Pellets were fixed for 2 h in 0.1 M sodium maleate (pH 5.2)-3% glutaraldehyde, washed in 0.1 M sodium cacodylate (pH 7.4), and then postfixed in 1% OsO 4 in the same buffer for 2 h at 4°C. The pellets then were rinsed in 0.1 M sodium maleate (pH 5.2), stained with 1% uranyl acetate in 0.1 M sodium maleate (pH 6.0) for 1 h in the dark, rinsed again with sodium maleate, and dehydrated with ethanol before embedding in Spurr embedding medium. Thin sections were counterstained with 2% uranyl acetate and lead citrate. E. coli cells expressing viral proteins were prepared for thin sectioning in the same manner except that the cells were fixed in 0.1 M sodium cacodylate buffer (pH 7.4).
RESULTS
Purification of RSV Gag polyprotein fragments expressed in E. coli. To extend the in vitro assembly system developed earlier, we made nine constructs for expression in E. coli of Gag proteins longer than CA-NC (Fig. 1) . In each case, the assembly properties of similar proteins expressed in transfected eucaryotic cells had been reported previously. Gag D37N and ⌬PR both produce immature particles in avian cells (53, 54) . These Gag proteins remain unprocessed due to the active-site mutation in PR and deletion of the PR domain, respectively. DM-1 produces particles of heterogeneous size when expressed in mammalian cells (58) . This protein contains an internal deletion of most of p10 and the N-terminal half of CA, as well as a deletion of PR. The original DM-1 used for expression in mammalian cells is deleted for all but the eight N-terminal amino acids of PR. For purposes of expression in E. coli, we placed the internal deletion in the context of ⌬PR but retained the name DM-1 despite the eight-amino-acid difference. ⌬MBD ⌬PR contains an N-terminal deletion of the first 84 amino acids of MA. This region comprises the membrane binding domain of Gag (65), a function that can be replaced by the short membrane binding domain of the Src oncoprotein (61) . ⌬MA 7-8 ⌬PR is missing the remaining C-terminal half of MA, a region that is dispensable for both assembly and infectivity in vivo (30) . ⌬MA ⌬PR is missing the first 142 amino acids of the 155-amino-acid MA domain. Xh-No ⌬PR contains an internal deletion of the C-terminal half of MA, as well as all of p2 and most of p10. Xh-No is defective in the release of particles into the medium when expressed in mammalian cells (59) . dp2 ⌬PR is missing the p2 domain, which is involved in a late assembly event (30, 34, 59) . dp10 ⌬PR carries a deletion of the p10 portion of Gag, and expression of this protein in mammalian cells results in a moderate reduction in particle release (22a). A similar protein greatly reduces particle release when expressed in avian cells (10) .
Although these nine proteins might be expected to differ in the properties exploited in protein purification, for the sake of simplicity and comparability we attempted to use the same purification protocol that had proven successful for CA-NC, precipitation of the soluble cell extract with ammonium sulfate followed by phosphocellulose column chromatography. Indeed, the two proteins lacking the N-terminal portion of MA, ⌬MBD ⌬PR and ⌬MA ⌬PR, as well as DM1 proved to behave exactly as CA-NC had, and they were purified in the same manner. The other proteins were largely insoluble upon lysis of the expressing cells and therefore required modification of the original purification protocol. In these cases, in order to reduce the amount of bacterial protein present in the insoluble pellet, 0.1% NP-40 detergent was included in the lysis buffer. The insoluble pellet was resuspended in lysis buffer without glycerol or NP-40, and then the pH was raised to 12 with NaOH. This treatment served to dissolve the pellet. After precipitation of the protein by addition of ammonium sulfate to the alkaline solution, the protein was dialyzed overnight against lysis buffer without glycerol and detergent. At this point, the single protein that includes the PR domain, Gag D37N, again precipitated. In contrast, all proteins lacking the PR domain remained soluble, to a final concentration of at least 3 mg/ml in storage buffer.
The final Gag proteins ranged in purity from about 80 to 90%, as estimated from Coomassie blue-stained SDS-polyacrylamide gels (Fig. 2) . Their identity was confirmed by migration on SDS-polyacrylamide gels, by immunoblotting with anti-CA antibodies, and/or by digestion with PR to produce cleavage products that migrated to the expected position by SDS-PAGE (data not shown). The cleavage products from ⌬PR were further analyzed by mass spectrometry and found to be almost identical in mass to cleavage products from authentic virions (36) . Proper processing by PR suggests that even the proteins solubilized at high pH were not grossly misfolded. The eight soluble proteins all showed variable amounts of a degradation product, identified by immunoblotting with anti-CA antibodies. This degradation product was determined to be about 10 kDa smaller than the full-length viral proteins by both SDS-PAGE and mass spectrometry ( Fig. 2 and data not shown). This size difference is consistent with the removal of the NC domain, by an unknown E. coli protease, but we have not established this definitively. Assembly of ⌬PR into spherical particles in vitro. We showed previously that the CA-NC fragments of RSV and HIV-1 Gag could assemble into regular cylinder-shaped particles in vitro, under conditions of low salt concentration and either low pH (for RSV) or high pH (for HIV-1), but only in the presence of RNA (5) . In an experiment to determine if a much larger Gag fragment could assemble into distinct structures in vitro, ⌬PR was dialyzed in presence of 0.1 M NaCl (pH 6.0) with either no RNA or 8% (wt/wt) RNA. After 2 h, these fractions were examined by EM. By negative staining, ⌬PR without RNA was found to form numerous roughly spherical objects as well as what we interpret to be sheets (Fig. 3A) . These particles often appeared wrinkled or indented, as if partially collapsed. Thin sectioning confirmed this interpretation (Fig. 3B) . The particles and sheets showed bilaminar walls similar to those observed when RSV and HIV CA-NC assembled (at very low efficiency) into irregular particles in the absence of RNA (5) .
In the presence of RNA, ⌬PR assembled into regular spherical particles resembling viruses, with diameter of 50 to 70 nm (Fig. 3C) . The circumference of these particles was mostly circular, but occasional particles had angular facets suggestive of an icosahedral shape (Fig. 3D ). However, no particles which possessed the completely faceted outline expected for an icosahedron were observed. Faint striations also were evident (Fig. 3D) , suggestive of the radial spokes observed in demembranated immature HIV particles viewed by negative staining (33) and in intact, immature HIV virus-like particles viewed by cryo-EM (11a). Large aggregates of material were noted at 2 h after initiating assembly. When the reactions were examined after 4 h, free particles were no longer observed. By thin sectioning, the large aggregates consisted of spherical particles embedded in a poorly organized proteinaceous matrix (Fig.  3E) . Most of the spherical particles were embedded within the aggregates, but some were either at the periphery or outside the aggregates. These particles looked identical in size and morphology to immature RSV particles that had been stripped of their lipid envelope by detergent treatment (53) (Fig. 3F) .
Aggregation under these conditions was time dependent, being evident by 2 h after initiation of the reaction and essentially complete by 4 h. In a more careful time course, in which portions of the dialyzing sample were removed every 15 min, the first particles became visible at about 1 h, at which time the pH and salt had become equal to those of the dialysate, 6.0 and 0.1 M, respectively. Clues to the nature of the aggregation were provided by incompletely assembled particles observed early in the reaction. These were often connected by strands of material that we interpret to be RNA covered with protein ( Fig. 3G  and H) . We have not found conditions under which aggregation was absent.
In vitro assembly of other deletion mutants. The shapes of the spherical particles formed in vitro with ⌬PR plus RNA compared with the cylindrical particles formed with CA-NC plus RNA are dramatically different. We hypothesized that additional protein-protein interactions are provided by the segments of Gag upstream of the CA domain, in the MA, p2, or p10 domains that distinguish ⌬PR from CA-NC. These additional interactions may serve to constrain the growing particle to a spherical shape. To define approximately which sequences are responsible for this shape difference, we carried out in vitro assembly experiments with several proteins containing deletions within these domains (Fig. 1) . The two proteins with the largest deletions, DM-1 and Xh-No, did not form any identifiable structures by negative staining, and they aggregated rapidly in the presence of RNA. No identifiable particles, except for the sheets also formed in the absence of RNA, were detected when these aggregates were viewed by thin sectioning (data not shown). The other five proteins assembled into regular structures, but only under conditions where RNA was present. In the absence of RNA, they formed irregular particles and sheets similar to those shown in Fig. 3A and B (data not shown).
⌬MBD ⌬PR (Fig. 4A, B , and H) and ⌬MA ⌬PR (Fig. 4D ) produced abundant 50-to 60-nm spherical particles in the presence of RNA, which showed no tendency to aggregate even after several days. When examined either by negative staining or by thin sectioning, these virus-like particles were very similar to those produced by ⌬PR, except for their failure to aggregate and their slightly smaller size. Many also had angular facets (Fig. 4A and B) . ⌬MA 7-8 ⌬PR and dp2 ⌬PR also formed spherical particles with occasional facets in the presence of RNA (Fig. 4C and E) , but in this case aggregation occurred as found for ⌬PR. Viewed by negative staining, all of the spherical particles contained an internal ring between the hollow center and the periphery, suggesting the presence of two layers of protein separated by a gap. Viewed after thin sectioning, the in vitro-assembled particles had a morphology ( Fig. 3E and 4H ) similar to that of authentic immature virions ( Fig. 3F) with only a single layer of protein. Perhaps this internal ring visible by negative staining represents an area of lower protein density within the Gag shell, which is penetrated by the stain. In contrast to the proteins described above, dp10 ⌬PR in the presence of RNA formed cylindrical particles (Fig.  4F ) like those previously reported for CA-NC and RNA, of varying length and constant 40-nm diameter and with extensive aggregation after several hours. Identical results were observed when the assembly reactions were performed at pH 7.0 and 7.5. The internal ring characteristic of the spherical particles was not observed in thin sections in the cylinders. From all of these results, we draw the following three conclusions: first, several large fragments of RSV Gag protein can assemble with RNA into particles closely resembling real virions; second, the Nterminal portion of MA is directly or indirectly responsible for aggregation; and third, the spherical shape determinant is, or is in, the p10 domain of Gag.
Very little is known about the properties of immature RSV particles in the absence of the lipid envelope. The fact that ⌬MBD ⌬PR did not aggregate allowed us to investigate some of these properties. In agreement with previously published results for PR-defective virions (53), the particles formed by ⌬MBD ⌬PR at pH 6.0 and 0.1 M NaCl were resistant to 0.5% NP-40. They were also resistant to 0.5 M NaCl at pH 6.0 (data not shown). ⌬MBD ⌬PR particles also formed, albeit with lower efficiency, at pH 7.5 and 0.1 M NaCl (data not shown). In addition, particles were slowly disrupted within 24 h at 4°C by 0.2 mg of RNase A per ml (Fig. 4G ). This result suggested not only that is RNA required for proper and efficient assembly but also that RNA serves a role in maintaining structural integrity after assembly. Disruption of the particles by RNase is slower and less complete than previously found for the cylindrical particles formed with CA-NC (5), suggesting considerable shielding of the RNA by the ⌬MBD ⌬PR protein. Thus, the RNA in immature particles formed in vivo with intact Gag protein might be completely resistant to RNase in the presence of detergent. Experiments to address this question have not been reported.
Assembly efficiency for ⌬MBD ⌬PR. Initial experiments with purified ⌬MBD ⌬PR and ⌬MA ⌬PR had suggested that these proteins could assemble into regular particles not only with RNA but also without RNA. However, further analysis showed that even after batch adsorption and elution from phosphocellulose, the proteins remained contaminated with substantial amounts of RNA. From the ratio of absorption at 280 nm and at 260 nm, this contamination was about 5% by weight in different preparations. After phenol extraction and agarose gel electrophoresis, the RNA was visualized as a heterogeneous collection of RNAs which migrated in a size range between rRNA and tRNA by standard agarose gel electrophoresis (see Fig. 7, lane 4) . The contaminating RNA was demonstrated to be critical for assembly. When RNase A (0.2 mg/ml) was added to the ⌬MBD ⌬PR protein for 2 h at 4°C prior to initiating assembly, only structures resembling those formed by ⌬PR in the absence of RNA (Fig. 3A) were observed. When E. coli RNA was added back to the RNasetreated protein prior to dialysis to initiate assembly, homogeneous particles again appeared (data not shown). When the ⌬MBD ⌬PR protein was purified further to remove all contaminating RNA, assembly was observed only when RNA was added back to the protein (62a).
Isopycnic sedimentation in a 10 to 60% sucrose gradient was used as a direct test of the efficiency with which ⌬MBD ⌬PR could assemble into virus-like particles (Fig. 5 ). Protein at 2 mg/ml containing 5% (wt/wt) contaminating RNA either was (Fig. 5A ) or was not (Fig. 5B ) treated with RNase A prior to assembly. Additionally, a sample of the non-RNase-treated particles was treated with 0.1% Triton X-100 prior to sedimentation (Fig. 5C ). Efficient assembly occurred only in the presence of RNA, and the particles were resistant to detergent levels which disrupted mature virions but not immature virions (53) . In the absence of RNA, most of the protein remained at the top of the gradient (Fig. 5A, lanes 1 to 6) although a small percentage banded at a density of 1.20 to 1.22 g/ml (Fig. 5A,  lanes 11 and 12) . This density is similar to that of M-PMV virus-like particles assembled in vitro (22, 45) and to that of RSV CA-NC particles (5) . In the presence of RNA, ⌬MBD ⌬PR particles formed a band at a slightly higher density, about 1.22 to 1.25 g/ml (Fig. 5B, lanes 12 to 15) . When this experiment was repeated with the same protein-RNA mixture at a 20-fold-lower concentration ( Fig. 5D and E) , the assembly efficiency was reduced by only about 50%.
Assembly of Gag proteins in E. coli. The structural proteins of some eukaryotic viruses, including the type D retrovirus M-PMV (22) , have been shown to assemble into virus-like particles when expressed in E. coli (21, 62) . To bolster the conclusion that the in vitro assembly system described here is biologically relevant, we used thin-section EM to examine E. coli cells expressing some of the RSV Gag proteins. The expressing cells were grown and induced for 1 h prior to fixation and preparation for thin sectioning. ⌬PR and dp2 ⌬PR both assembled into spherical particles embedded within inclusion bodies ( Fig. 6A and B) , resembling in every way the particles embedded within aggregates produced by in vitro assembly (Fig. 3E) . Gag D37N and ⌬MBD ⌬PR also assembled into spherical particles which were sparsely distributed throughout the cells (data not shown). The relative scarcity of the particles produced by Gag D37N and ⌬MBD ⌬PR may reflect their lower levels of expression in E. coli. Gag D37N presumably forms inclusion bodies during longer periods of induction, since the protein was found to be insoluble in the lysate. Xh-No ⌬PR formed inclusion bodies, but no recognizable particles were observed (data not shown).
CA-NC and dp10 ⌬PR both formed rigid, hollow cylinders like those observed in vitro (Fig. 6C and D) . The dp10 ⌬PR particles in cross section appeared similar to, but smaller in diameter than, the sections of the spherical particles. DM-1 also produced elongated particles, but these appeared to be very flexible (Fig. 6E) , and no obvious cross sections were observed. We interpret this morphology to mean that DM-1 in E. coli assembles into sheets similar to those formed in vitro without RNA.
With the exception of DM1, all proteins containing the membrane binding domain were insoluble upon initial lysis of the cells and also were embedded in inclusion bodies by EM. The similarity between the latter and the particles embedded in the aggregates during in vitro assembly with RNA suggests that RNA was also present in the inclusion bodies, in the particles themselves, and perhaps in the aggregated material surrounding them as well. To address this possibility directly, we used phenol extraction to purify the RNA in inclusion bodies obtained from cells expressing ⌬PR. In parallel, RNA was similarly extracted from soluble ⌬MBD ⌬PR. After agarose gel electrophoresis and staining with ethidium bromide, both samples showed a heterogeneous collection of RNA species, largely migrating in size between small subunit rRNA and tRNA (Fig. 7, lanes 3 and 4) . RNase treatment of these samples confirmed that the nucleic acid was RNA (data not shown). We cannot exclude that the heterogeneous collection of RNA species resulted in part from degradation during pu- rification. However, efficient assembly still occurred when this purified RNA was added back to ⌬MBD ⌬PR protein devoid of RNA.
DISCUSSION
We showed previously (5) that the purified CA-NC fragments of RSV and HIV-1 Gag could assemble in vitro into hollow cylindrical particles in the presence of RNA. In the present study, we have extended these experiments to include several longer Gag fragments of RSV, all of which include NC as the C-terminal domain. The largest fragment differs from intact Gag only by the absence of the PR domain and thus resembles the Gag proteins of the majority of other retroviruses, in which PR is translated downstream of Gag and in a different reading frame. All but two of the longer RSV Gag fragments were found to assemble into regular particles after dialysis to reduce the salt concentration and the pH. In every case, assembly of regular structures required RNA. In the absence of RNA, either there was no significant assembly or assembly was limited to irregular structures that we interpret to be sheets or cup-shaped objects resulting from curved sheets. The morphology of the particles formed in vitro was either tubular as previously found for CA-NC or spherical as in real virions. In the latter case, the particles resembled immature cores of PR-defective RSV virions, both in shape and in size. From inspection of the sequences upstream of CA-NC that were present or absent in the tubular or spherical particles, it is apparent that the p10 domain of Gag functionally contains a shape determinant: particles from all the proteins that included p10 were spherical, while particles from the protein lacking p10 were cylindrical.
The role that RNA plays in the assembly of retroviruses has been the subject of considerable debate. On the one hand, it is well established that the viral genomic RNA is not needed for efficient budding of apparently normal virions. This conclusion is derived from numerous types of studies. For example, packaging cell lines engineered for use in gene therapy shed retrovirus particles devoid of genomic RNA at the same rate as do cells productively infected with wild-type virus. Also, RSV virus-like particles bud normally from transfected COS cells without regard to availability of viral RNA in the cell, although when RNA containing the packaging sequence is present, this is selectively incorporated into the particles (46) . On the other hand, from our finding that formation of regular particles in vitro has an absolute requirement for RNA, we predict that virus particles assembled in vivo in absence of genomic RNA also have a full complement of RNA. This prediction remains to be tested; to date no careful studies have been published to document the amount of total RNA in retroviruses. We interpret the RNA requirement for in vitro assembly of RSV Gag to mean that RNA serves as a necessary structural scaffold for the polymerization of Gag into a regular shell. However, since some of the Gag fragments studied here can polymerize into sheet-like objects in the absence of RNA, it may be that other factors, such as membrane association, can replace RNA in constraining this polymerization so that it yields particles of regular size and shape. This possibility is suggested by the observation that when overexpressed in insect cells, a truncated HIV Gag protein missing the NC domain still can form membrane-enveloped virus-like particles, presumably in the absence of any ability to bind to RNA (18, 44) . However, the NC domain is required for the assembly of cytoplasmic particles in the same system (13, 44) .
The properties of the particles assembled in vitro suggest that the N-terminal domain of Gag is responsible for the observed aggregation during and after their formation. Proteins containing the N-terminal 84 residues of Gag all aggregated in the presence of RNA. Proteins missing the N-terminal 84 residues of Gag, namely, ⌬MBD ⌬PR, and ⌬MA ⌬PR, formed abundant spherical virus-like particles in the presence of RNA, without any evidence of clumping. These two proteins also differed from the others in that the purification steps failed to remove RNA. The mechanism underlying aggregation is unclear. One possibility is based on the known ability of MA to bind to RNA in vitro (52) . Although of low affinity, this binding might interfere with the correct positioning of NC on the RNA. Conceivably only a small percentage of such incorrectly positioned proteins would be sufficient to cause aberrations in assembly. Another possibility is that stable secondary structures in some RNAs, e.g., rRNAs, cannot be unfolded completely by Gag proteins and thus impede further assembly. Finally, we cannot exclude the possibility that some of the protein molecules containing the N terminus of MA do not fold correctly. A larger collection of mutant Gag proteins will need to be studied to address these questions.
The finding that the p10 domain contains a shape determinant for assembly of RSV Gag proteins in vitro was surprising. In deletion analyses of Gag mutants expressed in transfected COS cells, most of the amino acid sequences upstream of the CA domain apparently do not play an essential role in the budding of virus-like particles from the plasma membrane. The only elements implicated in assembly in that system are the ca. 84-amino-acid membrane binding domain (30) and the 4-amino-acid sequence PPPY in p2 (late domain) that is required for some late step in budding (34, 59) . We expected one of these two elements to be responsible for changing the morphology of the particles assembled in vitro from the cylinders seen for CA-NC to the spherical particles seen for ⌬PR. In fact, as is apparent from the properties of proteins ⌬MBD ⌬PR and dp2 ⌬PR, either element can be deleted without affecting the spherical shape of the particles. Instead, in the collection of proteins tested, only dp10 ⌬PR yielded cylindrical particles, directly implicating p10 as determining spherical shape in this in vitro assembly system. It is perhaps not coincidental that the only characterized temperature-sensitive assembly mutant in the avian retroviruses is in p10 (10) .
How the p10 domain could act to cause particles to take on a spherical shape is unclear. As a mature protein, p10 has unusual behavior in SDS-PAGE (37), probably accounted for by its high content of glycine and proline. In several other retroviruses belonging to different genera, the protein in the equivalent location in Gag also is very proline rich. It has been suggested that the p10 domain as it exists in Gag has an extended conformation and serves as a flexible hinge or swivel during assembly (10, 59) . If this is so, the shell of protein corresponding to this domain might be more accessible to a negative stain and thus be represented by the internal ring which we observe by negative-stain EM in the spherical particles assembled in vitro. As a working hypothesis, we propose that the p10 domain provides additional protein-protein interactions during the assembly process, somehow constraining the growing particle to curve into a spherical shape. If the p10 domains do not themselves interact, they may provide flexibility required for interactions elsewhere.
While type C retroviruses like the ASLVs assemble on the plasma membrane in vivo, in our in vitro system Gag proteins form virus-like particles in absence of membranes or other cellular factors. The conditions for in vitro assembly do not differ dramatically from those in the eucaryotic cell, and the several Gag proteins described here all give rise to similar FIG. 7 . RNA associated with Gag proteins. RNA was purified and electrophoresed on a 0.8% nondenaturing agarose gel before staining with ethidium bromide. Lane 1, lambda phage HindIII DNA size markers; lane 2, total RNA extracted from E. coli; lane 3, RNA extracted from ⌬PR inclusion bodies; lane 4, RNA extracted from ⌬MBD ⌬PR protein.
particles in E. coli. What prevents premature assembly of nonenveloped cores in eucaryotic cells infected with type C viruses or lentiviruses? One model to account for absence of premature assembly in vivo is that the concentration of Gag in infected cells is below a critical threshold and that membrane binding is required to concentrate the protein in order to facilitate assembly. A crude estimate for the concentration of free Gag in the cytosol could be derived from the following considerations, in the avian model system. Gag synthesis in chicken cells represents 0.1 to 1% of total protein synthesis. Thus if the concentration of total cytosolic protein were about 100 mg/ml and Gag were stable, its concentration would be 0.1 to 1 mg/ml. In fact Gag is rapidly transported out of the cell as budding virus particles, with a half-time of about 45 min. This time is about 3% of the cell doubling time of 24 h, leading to the approximation that steady-state levels of Gag in the cytoplasm of chicken cells are in the range of at most tens of micrograms/milliliter. This is decidedly below the concentrations we have used routinely for in vitro assembly. Indeed, the assembly efficiency of ⌬MBD ⌬PR was reduced by about 50% when the protein concentration was lowered from 2 to 0.1 mg/ml. This reduction is consistent with the possibility that premature particle formation in avian cells is prohibited by the lack of a sufficiently high concentration of Gag. The importance of Gag concentration for assembly in vivo is further underscored by observations in the baculovirus expression system in insect cells. In HIV (13, 44) as well as in other lentiviruses (7, 39) , abundant, presumably nonenveloped intracellular particles are formed after high-level expression of Gag. Also consistent with the importance of Gag concentration for type C virus assembly is the recent report that RSV Gag and HIV-1 Gag do not assemble in an in vitro reticulocyte translation system, under conditions where type D Gag from M-PMV does form virus-like particles (45) , although another report suggests that HIV can assemble in the reticulocyte translation system if membranes are present (50) .
A different model to account for absence of premature core formation under conditions of natural infection postulates the existence of a host factor that prevents assembly until Gag reaches the plasma membrane. Very high level expression and/or accumulation of Gag may titrate out such a factor and lead to premature core formation. According to this model, the Gag proteins of type C retroviruses and lentiviruses would interact with such a factor, while the Gag proteins of type D and type B viruses would not. While it is commonly supposed that the latter retroviruses follow a different assembly pathway than the former, studies of Gag mutants suggest that the observed differences may well be superficial. A single amino acid change in the MA domain of M-PMV Gag redirects assembly to the plasma membrane (43) . A deletion in the MA domain of HIV-1 Gag redirects assembly to the endoplasmic reticulum (11) , while other Gag deletions cause localization of Gag (63) or formation of particles in a perinuclear location (51), reminiscent of M-PMV and mouse mammary tumor virus. From these observations, we speculate that all species of retrovirus Gag proteins may follow a common pathway in the cell. For example, even type C Gag proteins may traffic to the same perinuclear location at which type D Gag proteins normally assemble into cores but are prevented from forming cores due to the action of host factors. A common perinuclear location would be an appealing device for retrovirus Gag proteins to bind to genomic RNA as it emerges from the nucleus. Observations that nonmyristylated HIV-1 Gag or Gag-Pol molecules can be incorporated into virus-like particles if coexpressed with myristylated Gag molecules suggest that Gag interactions, perhaps mediated by RNA, occur prior to membrane association (29, 35) . This conclusion has been drawn also for RSV (61) but not for MLV (48) .
The structural arrangement of Gag molecules in retroviruses has been a matter of speculation for many years. Some workers have concluded that the core in immature retrovirus particles is icosahedral (31) (32) (33) . However, in those studies, the inference about overall symmetry was derived from observing local features, and only rare particles showed icosahedral features. In our study of in vitro assembly, many of the spherical particles were not uniformly round. Some had one or more angular facets and a few were hexagonal in outline, suggestive of icosahedra. Other reports have not noted any icosahedral symmetry in particles shed from cells (19, 27, 28, 47) . By cryo-EM, mature and immature MLV (22b) as well as immature HIV virus-like particles (11a) also give no evidence for overall icosahedral symmetry. Given the ready availability of milligram amounts of envelope-free virus-like Gag particles assembled in vitro, it should now be possible to address questions about protein packing and overall symmetry with more precision. Also, comparison of the assembly or packaging defects already known for many Gag mutants examined in transfected cells, with defects found after assembly of purified proteins in vitro, should provide information about the role of cellular factors in assembly.
